ABSTRACT The seasonal occurrences of Macrocentrus cingulum Brischke and its host, Ostrinia nubilalis Hü bner, were studied. Overwintering Þfth-instar O. nubilalis were collected from the Þeld in 1997, 1998, 2001, and 2002 and reared under controlled laboratory conditions to determine pupation and adult eclosion periods for M. cingulum and O. nubilalis. In addition, pheromone and yellow sticky traps were established in the Þeld in 2001 and 2002 to monitor adult activity of O. nubilalis and M. cingulum. Mathematical equations were constructed based on the laboratory and Þeld data. The equations conÞrmed the temporal co-occurrence of M. cingulum and O. nubilalis adults. However, third-and fourth-instar O. nubilalis, the preferred host stages of M. cingulum, occur later in the growing season. The timing of M. cingulum adult life expectancy and the occurrences of its preferred host stages in the Þeld were predicted using the equations, published degree-day requirements for O. nubilalis and information from the literature on adult M. cingulum longevity. When the predicted period of M. cingulum adult activity was compared with the predicted timing of third-and fourth-instar O. nubilalis, M. cingulum adult presence was synchronized with preferred host stages.
THE EUROPEAN CORN BORER, Ostrinia nubilalis Hü bner, has been an important pest insect of Þeld corn, Zea mays L., in the United States since it was discovered in Boston, MA, in 1917 (Baker et al. 1949 . Soon after its introduction, the pest began causing economic impacts in the corn industry as a result of stalk tunneling, stalk break, and ear droppage. By the 1970s, the pest was causing crop losses in excess of $200 million per year (Burkhardt 1978) . More recently, annual losses have been estimated at $1.22 billion using loss relationships established by Bode and Calvin (1990) and measured frequencies of O. nubilalis infestations. Because of its economic importance, O. nubilalis has been one of the most extensively studied pests of Þeld corn.
A combination of pest management tactics were implemented to prevent economic losses from O. nubilalis; however, these were not entirely effective. Remedial management of O. nubilalis using conventional insecticides does not provide consistent economic control because the window of pest susceptibility is very narrow, making the proper spray timing difÞcult to determine (Tollefson and Calvin 1994) .
To overcome these technical limitations, several seed technology companies invested in the development of Bt-corn hybrids. A gene from the soil bacterium Bacillus thuringiensis spp. kurstaki has been incorporated into the genome of these corn hybrids. Bt-corn hybrids effectively reduce O. nubilalis infestations and are more cost efÞcient than insecticide technologies (Ostlie et al. 1997) .
Because Bt-corn hybrids essentially eliminate O. nubilalis infestations, the potential for Bt resistance development in O. nubilalis populations and negative impacts on specialist natural enemies that require the pest for survival are causes for concern (Hails 2000, Obrycki et al. 2001) . These concerns are important because the United States Department of Agriculture (USDA) made a signiÞcant investment to import and establish these parasitoids (Baker et al. 1949 ). In the event that O. nubilalis should develop resistance to the Bt toxins, the loss of important natural enemies could lead to rapid pest resurgence and signiÞcantly higher economic losses in the future.
One of the O. nubilalis parasitoids that successfully established in the United States is Macrocentrus cingulum Brischke (formerly grandii Giodanich). M. cingulum is the most common of the three established parasitoid species released by the USDA in an area extending from Pennsylvania through Virginia (Mason et al. 1994 ). The importance of M. cingulum as a natural enemy of O. nubilalis is documented in several studies (Baker et al. 1949 , Pearis and Lilly 1975 , Andreadis 1982 , Romig et al. 1985 , Coll and Bottrell 1992 , Losey et al. 1992 . Thus, populations of M. cingulum have been reducing O. nubilalis populations in geographic pockets throughout the northeast and midAtlantic States for the past 75 yr. Parker (1931) conducted extensive research on the biology of M. cingulum and described its life cycle. The life cycle of the parasitoid includes internal and external phases of development. Adult females oviposit a single egg in the body of the host, which then undergoes polyembryonic development. After hatching, three instars are completed within the host, but no M. cingulum larvae are apparent until the host reached well into the Þfth instar (Dettrick and Chiang 1981) . This observation concurs with a report by Parker (1931) that indicated M. cingulum are in late embryonic development in March and April when O. nubilalis are in the Þfth instar. Clausen (1940) reported that some endoparasitoids delay development while they are embryos or Þrst instars until the host is physiologically suitable. After feeding internally, the fourth instars of M. cingulum emerge from the body of the host and feed as ectoparasites. After completing the fourth instar, M. cingulum larvae aggregate, pupate in mass, and hatch as adults. The average life of an adult under laboratory conditions of 25ЊC and a photoperiod of 16:8 (L:D) h is Ϸ17.6 d (Parker 1931) .
It is well documented that M. cingulum prefers to oviposit in third or fourth instars of O. nubilalis (Parker 1931 , Wishart 1946 , Bruck and Lewis 1998 , but peak ßight periods of M. cingulum coincide with the ßight periods of O. nubilalis (Udayagiri et al. 1997, Bruck and Lewis 1998) . Coincidence of adult eclosion by the parasitoid and its host suggests asynchrony of adult parasitoid with their preferred host life stages. One way M. cingulum may deal with this reported asynchrony is to follow the mechanism outlined by Quicke (1997) , where adult longevity correlates with preferred host occurrence.
The purpose of this study was to evaluate the synchrony of key events in the life cycle of M. cingulum relative to its host, O. nubilalis. Mathematical equations that describe pupation and adult eclosion periods of M. cingulum and O. nubilalis, relative to seasonal degree-day accumulations, were constructed using data from laboratory and Þeld studies. The synchrony of M. cingulum and its preferred host stages was investigated using the equations developed from this research, published equations of O. nubilalis development, and reported longevity of the M. cingulum adult stage. The results of this study provide insights into the possible negative impacts that Bt-corn technology can have on a specialist parasitoid, such as M. cingulum.
Materials and Methods
Laboratory Studies. Overwintering Þfth instars of O. nubilalis were collected from corn stubble in Centre County, PA, during March in 1997 March in , 1998 March in , 2001 March in , and 2002 . Larvae were transported to the laboratory and reared in environmentally controlled growth chambers under nondiapausing conditions of 25ЊC and a photoperiod of 18:6 (L:D) h. Individual larvae were placed in 29.6-ml clear plastic cups, which were closed to prevent escape. A moist cotton swab was placed in each cup to maintain a humid environment and to provide an ample water source. Cotton swabs were moistened with distilled water as needed. No food was provided because Þfth instars that break diapause in the spring do not require food resources to pupate.
Ostrinia nubilalis larvae were monitored daily for mortality, pupation, or fatality indicated by M. cingulum emergence. After pupation, O. nubilalis individuals were monitored, and the date of eclosion was recorded. When M. cingulum larvae emerged from an O. nubilalis larva, the date of emergence was recorded. After emergence, M. cingulum larvae were monitored daily until they pupated and eclosed as adults. The date of both events was recorded. In 2001 and 2002, the sex and number of eclosed adult parasitoids were recorded in addition to the data previously described. The data for both species were used to construct mathematical equations of the relationship between seasonal degree-day accumulations and proportion of the population that entered the pupal and adult stages. Macrocentrus cingulum adult traps were located within and around a 36.6 by 91.4-m plot at Rock Springs, PA, which was used originally to study M. cingulum adult activity within several corn planting dates and within Bt and non-Bt hybrids (Fig. 1) . The Bt and isogenic corn hybrids were planted on 1 May, 17 May, and 3 June in equal proportions; thus, various corn phenologies existed throughout the period that M. cingulum and O. nubilalis adults were collected. The corn was no-till planted at 73,200 seeds/ha into corn stubble using 38-cm row spacing. All corn was planted in two 12.2 by 91.4-m strips along the long sides of the plot, which were separated by a 12.2 by 91.4-m strip of corn stubble and residue to act as a source of emerging M. cingulum overwintering from the previous year. The Þeld was managed using typical agronomic practices. All chemical applications occurred before the eclosion periods of M. cingulum and O. nubilalis adults. Bicep II Lite Magnum and Dual (Syngenta Crop Protection, Inc., Greensburg, NC) were applied at 3.5 and 2.34 liters/ha, respectively, on 20 May. No fertilizer or other additives were applied. The unplanted corn stubble strip was not managed with chemicals or machinery. Weeds in this area were hand pulled to cause minimal disturbance to overwintering M. cingulum and O. nubilalis.
The trapping methods used to capture M. cingulum were similar to those described by Udayagiri et al. Degree-days to O. nubilalis pupation and adult eclosion were calculated using a base threshold of development of 12.5ЊC ) and the sine wave approximation procedure described by Allen (1976) . The total number of degree-days from 1 January accumulated to key events was calculated by adding the degree-days the insects experienced while in the Þeld with the degree-days accumulated while they were reared in the environmental growth chamber (Revco model no. RI-23Ð555-A, SPX Corporation, Asheville, NC). Using a base threshold of development of 12.5ЊC, 12.5 DD/d were accumulated in the laboratory. Degree-days experienced in the Þeld, before larvae were collected and transported to the laboratory, were provided by ZedX (Bellefonte, PA). ZedX spatially interpolated degree-days for the Russell E. Larsen Agricultural Research Center at Rock Springs, PA, using geographic coordinates and weighting temperature from nearest weather stations. Their procedure provides spatially interpolated temperature information at a 1-km 2 resolution and was site veriÞed to Ϯ0.5ЊC (Russo et al. 1987) .
Although the base threshold of development is unknown for M. cingulum, it was assumed to be similar to the base threshold of development for O. nubilalis because of the close physiological relationship between the parasitoid and its host (Parker 1931 ). There- fore, the same degree-day scale was used for the parasitoid and its host. In addition to recording the degreeday requirements of M. cingulum and O. nubilalis for pupation and adult eclosion, the degree-days to emergence of M. cingulum fourth instars from O. nubilalis were also recorded.
A mathematical relationship between total seasonal degree-days accumulated from 1 January and the proportion of the M. cingulum or O. nubilalis population entering the pupal or adult stage was statistically Þtted to the laboratory and Þeld data. These relationships generally followed a logistic form:
where PC is the proportion of the population that has entered the stage, 1.0 in the numerator is the upper asymptote, and the exponent in the denominator is a linear equation with intercept (␣), slope (␤), and a dependent variable of number of degree-days accumulated (ADD) from 1 January. To simplify estimation of the equation parameters, the observed data for proportion of the population entering the stage were transformed to:
where ln is the natural log. A trend line was Þtted to the transformed data using a linear trend line function in Excel and/or SAS Institute (1999) to estimate parameters in the equation. To reconstruct the original logistic equation and generate prediction curves, the estimated slope and intercept parameters were inserted in equation 1.
In several cases, the data did not conform to a symmetric logistic form but were slightly skewed. In these cases, the transformed data were not linear but curvilinear. When the r 2 value for the linear regression using the transformed data was Ͻ0.80 and nonlinearity was seen, the transformed data were Þtted using the logarithmic trend line option in Excel. This provided slope and intercept parameters for the equation:
This form was inserted as the exponent in equation 1.
Using the statistically derived equations, the number of degree-days required to reach each phrenological event for the host and parasitoid was reported for 5, 50, and 95% completion. To establish prediction boundaries for each equation, the 95% lower conÞ-dence limits (CLs) for both the slope and intercept parameters were inserted into equation 1 to estimate the low boundary, and the 95% upper CLs for both the slope and intercept were inserted into equation 1 to estimate the upper boundary.
To compare the timing of M. cingulum occurrence in the Þeld relative to availability of its preferred host instars, the predicted O. nubilalis adult ßight periods were moved forward in time by adding 185 and 239 DD to predict the period of third-and fourth-instar activity, respectively (Tollefson and Calvin 1994) . Similarly, the window of M. cingulum adult activity was estimated by moving the predicted ßight period forward in time by adding the number of degree-days required to reach 50% mortality of an adult population to each point along the curve (Parker 1931) . The number of degree-days required for 50% mortality of an M. cingulum adult population (220 DD) was calculated by multiplying the average days of life (17.6 d) at 25ЊC time the number of daily degree-days accumulated at the same temperature (12.5 DD/d).
Percentage Parasitism. Percentage parasitism was also calculated for each year that O. nubilalis larvae were collected. In 1997 and 1998, larvae were collected from cornÞelds planted on four different dates during the previous spring. Figure 2 shows the average logistic function for combined years (1997, 1998, and 2001) and its lower and upper 95% conÞdence boundaries for the cumulative proportion of the overwintering O. nubilalis and M. cingulum population entering the pupal and adult stages relative to total seasonal degree-days accumulated. A prediction equation for ectoparasitic feeding by M. cingulum is not shown because this phenological event always occurred 24 h or 12.5 DD before pupation. Although O. nubilalis and M. cingulum populations initiated pupation and adult eclosion around the same time, conÞrming previous observations (Udayagiri et al. 1997, Bruck and Lewis 1998) , the length of these periods was different. O. nubilalis populations pupated and eclosed as adults over a longer time than did M. cingulum populations. The equations derived from the 1997, 1998, and 2001 combined data predicted 5 and 95% of the M. cingulum population to pupate after accumulating 96 and 251 DD, respectively (Table 2) , whereas 5 and 95% of the O. nubilalis population were predicted to pupate after accumulating 84 and 554 DD, respectively. The equations also predicted 5 and 95% of the M. cingulum population to eclose as adults after accumulating 232 and 410 DD, respectively, whereas 5 and 95% of the O. nubilalis population were predicted to eclose as adults after accumulating 188 and 628 DD, respectively.
The 2002 laboratory data were used as an independent data set to compare against the predictions of the equations constructed using the 1997, 1998, and 2001 laboratory data. Parameters for the 2002 logistic equations using laboratory data are presented in Table 1 . In all cases, the 2002 pupation and adult eclosion periods were outside the upper 95% conÞdence boundary of the predictions of the combined equations. The 2002 equation for M. cingulum pupation indicated that 5 and 95% completion were delayed 34 and 115 DD, respectively, compared with the combined year equation prediction, and this interval was 81 DD longer ( Table 2 ). The 2002 equation for O. nubilalis pupation indicated that 5 and 95% completion were delayed 29 Fig. 2 . Average prediction curves for O. nubilalis and M. cingulum pupation and adult eclosion timing plus curves generated using the 95% upper and lower conÞdence limits of equation parameters for equations generated for the 1997, 1998, and 2001 data. Table 3 . Predicted adult ßights in the Þeld for both species required more degree-days than predicted by the combined and 2002 equations generated using the laboratory data.
When the availability period of third-and fourthinstar O. nubilalis for M. cingulum parasitism was extrapolated from the Þeld ßight curves of adult O. nubilalis and the 50% M. cingulum population longevity curve was extrapolated from the predicted Þeld ßight curve of adult M. cingulum, the two species were well synchronized (Fig. 3) . Thus, with the exception of the 2002 Þrst generation data (Fig. 3C) , third-and fourth-instar O. nubilalis were predicted to be present when adult M. cingulum were active.
Percentage Parasitism. The number of O. nubilalis larvae collected each year is as follows: 203 larvae were collected in 1997, 277 larvae were collected in 1998, 137 were collected in 2001, and 127 were collected in 2002. Percentage parasitism varied between years and planting dates. Parasitism levels increased as planting date occurred later in the season in 1997 and 1998. When the 1997 and 1998 data were pooled, the level of parasitism increased from 35 to 59% from earliest to latest plantings. Among the different planting dates, the lowest level of parasitism (22.5%) occurred in the Þeld that was planted earliest in 1998, and the highest 
Discussion
The results from the laboratory and Þeld studies conÞrm previous Þndings of synchrony between adult eclosion of M. cingulum and O. nubilalis (Udayagiri et al. 1997, Bruck and Lewis 1998) . Synchrony of specialist parasitoid adults with their preferred host stages is critical to assure species survival and effective biological control (Godfray 1994) . Figure 2 shows the close relationship between M. cingulum pupation and adult eclosion with that of its host, O. nubilalis. Figure  3 shows the synchrony of adult M. cingulum with third and fourth instars of O. nubilalis. The longevity of adult M. cingulum suggests the life history strategy described by Quicke (1997) . The window of opportunity for O. nubilalis parasitism by M. cingulum is quite wide, with the key host instars aligning well with the period between eclosion and 50% mortality of a M. cingulum population.
A major question that arises in this parasitoid-host system is what is the advantage for M. cingulum to eclose as adults during the time O. nubilalis ecloses as adults when the preferred host life stages of M. cingulum will not be present for another 2Ð3 wk. This strategy would seem to make it more vulnerable to a number of mortality factors. One possible explanation is that M. cingulum must locate corn Þelds infested with O. nubilalis populations, which are unpredictable, sporadic, and patchy across the landscape. Supporting this speculation is the documented use of volatiles by M. cingulum as host recognition cues (Udayagiri and Jones 1992a, b) . O. nubilalis larvae must infest a Þeld and produce frass, the most significant host-seeking cue (Ding et al. 1989a , b, Udayagiri and Jones 1992a , b, Jones 1996 , before M. cingulum can effectively locate them. The delay between adult M. cingulum eclosion and preferred host availability could be a mechanism for M. cingulum to efÞciently locate a spatially dynamic host population (Tollefson and Calvin 1994) .
The difference between the 2002 equation predictions and those of the 3-yr combined equation is not clear, particularly because M. cingulum and O. nubilalis pupation and adult eclosion events were so consistent across 1997, 1998, and 2001 . Perhaps 2002 was a year that represents the 5% chance outside of the 95% prediction boundaries. Although, all key phenological events were beyond the 95% prediction boundaries in 2002, they were not greatly delayed. The 50% levels of M. cingulum pupation and adult eclosion in 2002 were outside the upper 95% prediction boundary by 70 and 63 DD, respectively. The 50% levels of O. nubilalis pupation and adult eclosion in 2002 were outside the upper 95% prediction boundary by 60 and 87 DD, respectively. This is roughly a 5-to 7-d difference in the timing of M. cingulum and O. nubilalis pupation and adult eclosion. This shift could be partly explained by a change in the ratio of multivoltine verse univoltine O. nubilalis race individuals in the population.
In central Pennsylvania, both a multivoltine (bivoltine) and a univoltine race co-occur, and the ratio of these two races varies across years (Tollefson and Calvin 1994) . Calvin and Song (1994) suggested that the spring pupation period of the multivoltine race occurred between 75 and 350 DD, and the univoltine race occurred between 350 and 650(ϩ) DD after 1 January. The spring pupation and adult eclosion periods of O. nubilalis presented in this paper were a combination of both races. The degree-days to 5, 50, and 95% completion of O. nubilalis pupation and adult eclosion would increase in years with a higher percentage of univoltine individuals in the population. In 2002, Ϸ45% of the O. nubilalis population was univoltine compared with 32, 18, and 40% in 1997, 1998, and 2001, respectively. Although the large percentage of M. cingulum pupation and adult eclosion followed the timing of a multivoltine race of O. nubilalis, there was some M. cingulum parasitism of the univoltine population. This suggests that the parasitoid is better adapted to the multivoltine race than the univoltine race. However, in years where a higher percentage of the overall O. nubilalis population is univoltine, more parasitism of the univoltine race is likely. In 2002, Ϸ10% of the M. cingulum population pupated and eclosed as adults from univoltine O. nubilalis, whereas in 1997, 1998, and 2001 , no M. cingulum eclosed as adults from univoltine O. nubilalis.
The logistic equations constructed from laboratory data likely provide good predictions of M. cingulum and O. nubilalis pupation and adult eclosion periods. However, they did not match timing of adult activity in the Þeld. The equations constructed using laboratory data more likely represent true degree-day requirement for pupation and adult eclosion of M. cingulum and O. nubilalis and are less inßuenced by numerous confounding factors that occur under natural settings. Xingquan et al. (2004) found that female O. nubilalis are not actively seeking oviposition sites until they are 3Ð5 d old. Because males move to action sites where females are calling, they likely follow movement of females across the landscape. In addition, pheromone trapÐ captured males were not evaluated for age, so it is impossible to know how old they were when captured. M. cingulum adults captured on yellow sticky traps were likely much older than newly eclosed adults, because they move to sites of hosts using chemical cues. Because they use chemical signals resulting from O. nubilalis larval feeding, it is likely they were not active in the Þeld until signiÞcant numbers of early-instar O. nubilalis were present.
Increased adoption of transgenic technology in Þeld corn systems could alter the synchrony between O. nubilalis and M. cingulum. One possible mechanism for disruption of host/parasitoid synchrony would be sublethal effects, such as delayed O. nubilalis larval development when feeding on Bt-corn hybrids. If developmental effects on O. nubilalis did cause asynchrony with M. cingulum, negative impacts on populations of this important specialist parasitoid are likely to occur, although the wide window of host availability may help minimize this impact.
